Aims. We report the outcome of a deep multi-wavelength study of the IC 2391 young open cluster. We aim at uncovering new low-mass and sub-stellar members of the cluster and identifying new debris disk objects. Methods. A 30×30 square arcmin area in IC 2391 was observed using the wide-field imager at the ESO 2.2m telescope. The completeness limits of the photometry at 3σ level are V=24.7, R C =23.7 and I C =23.0, faint enough to reveal sub-stellar members down to ∼0.03 M ⊙ . Our membership criteria are based on the use of our optical data, in combination with JHK S magnitudes from the 2MASS catalog. We also estimate the physical parameters of the selected candidates. Debris disk candidates are identified on the basis of their infrared excess emission using near-and mid-infrared photometry from the Spitzer Space Telescope. Results. Our optical survey, which has a limiting magnitude at 3σ level 1-2 mag fainter than previous optical surveys conducted in IC 2391, revealed 29 new low-mass member candidates of the cluster. We estimate the contamination to be at least ∼50%. We constrain the fraction of sub-stellar objects in the range 8-15% and discuss possible explanations for the deficit of brown dwarfs in this cluster. We also identified 10 candidates in the cluster showing IR excess emission consistent with the presence of debris disks.
Introduction
Over the last decade the general form of the stellar IMF has been observationally established, while the situation remains less solid across the hydrogen-burning limit (Reid 2005) . More recently, infrared (IR) survey data (e.g. Bouvier et al. 1998; Lodieu et al. 2005 Lodieu et al. , 2006a Lodieu et al. ,b,c, 2007 Luhman 2004b; Luhman et al. 2006; Moraux et al. 2003; Muench et al. 2003 Muench et al. , 2007 , have produced reliable statistics for substellar objects. These overall results, in combination with optical photometric and spectroscopic follow-up observations, allow to quantitatively address such issues as the continuity of the IMF across the stellar/substellar boundary, its invariance or dependency on local conditions, etc. Such studies also hold important keys for the clarification of the dominant brown dwarf (BD) formation mechanism in star clusters (Bouvier et al. 2005) .
Because of its proximity (∼150 pc; Forbes et al. 2001 ), relatively young age (30-50 Myr; Barrado y Navascués et al. 1999 Navascués et al. , 2004 Basri et al. 1996; Mermilliod 1981; Stauffer et al. 1998) and insignificant extinction along the line of sight (E(B-V)=0.006; Patten & Simon 1996) , the IC 2391 young open cluster is long since considered an ideal location for star formation studies. Consequently, IC 2391 is one of the best studied clusters. There are about 180 members known in this cluster, with accurate proper motion determinations (Dodd 2004; Monet al. 2003; Platais et al. 2007 ), among which a dozen of substellar objects. The only determination of the IC 2391 mass spectrum in the very low-mass regime has been presented by Barrado y Navascués et al. (2004) . According to these authors, the mass spectrum between 0.5 M ⊙ and the substellar limit (∼0.07 M ⊙ ) follows a power law with α-index ∼0.96. Below this limit, there is a sudden drop that the authors attribute to a local drop in the shape of the luminosity-mass relation at spec-tral types M7-M8 and, partially, to the incompleteness of their spectroscopic follow-up below I C =18.5 mag (i.e. 0.05 M ⊙ for cluster members).
However, other young clusters (e.g. α Per and NGC 2547) show a lack of substellar members more or less with the same masses as in the case of IC 2391 (see Barrado y Navascués et al. 2002; Jeffries et al. 2004 ). This deficit may extend to lower masses or may only be a dip, perhaps caused by an imperfect understanding of the massluminosity relationship at temperatures around 2400-2500 K (Dobbie et al. 2002) . However, the incompleteness of the surveys conducted in these clusters leaves the question open. In particular, the number of substellar objects discovered so far in IC 2391 is too low to draw any conclusion on a statistically significant basis.
In this paper, we present the results of a deep optical, wide-field imaging survey of IC 2391, complemented by IR photometry from the 2MASS catalog (Cutri et al. 2003) and the Spitzer satellite. This survey, which has a 3σ photometric limit 1-2 magnitudes fainter than previous optical photometric surveys conducted in IC 2391 (i.e. I C <21-22 mag; Barrado y Navascués et al. 2001b; Patten & Simon 1996; Patten & Pavlovski 1999) , aims at uncovering new lowmass and BD member candidates, to be confirmed with future follow-up spectroscopy, in order to provide further insights into the substellar mass spectrum in this cluster. In addition, the age and distance of IC 2391 offer a unique combination to study the evolution of debris disks around lowmass stars, which is a crucial step toward our understanding of the terrestrial planet formation mechanism (e.g. Currie et al. 2007; Decin et al. 2003; Dominik & Decin 2003; Habing et al. 2001) . The study of circumstellar disks has recently undergone a substantial improvement thanks to the data from the Spitzer Space Telescope. These data are very adequate for disk investigations because the Spitzer sensitivity and wavelength coverage allow studies of statistically significant samples and probe the inner planet-forming region of disks (see, e.g., Lada et al. 2006) . Spitzer observations have shown that debris disks are found around solar-like stars at a wide range of possible distances (1-50 AU) from the central star and temperatures (10-650K), with an age-dependent frequency (see Siegler et al. 2007 , and reference therein). A pioneer study of the debris disk population in IC 2391 has been recently conducted by Siegler et al. (2007) using the Multiband Imaging Photometer for Spitzer (MIPS). Using our optical photometry. the MIPS catalog by Siegler et al. (2007) and additional IR photometry from 2MASS and the InfraRed Array Camera (IRAC) on Spitzer, we search for new debris disk candidates in IC 2391. These studies ultimately aim at measuring the frequency of debris disks around very low-mass stars, in order to assess whether they experience a planetesimal phase in their evolution, as observed for more massive stars (e.g. Chen et al. 2005; Kessler-Silacci et al. 2006; Lada et al. 2006; Riaz et al. 2006 ; Sicilia-Aguilar et al. 2007 ; Young et al. 2004 ).
In Sect. 2 we describe the WFI survey in IC 2391 and the data reduction and catalog extraction procedures. In Sect. 3 and Sect. 4 we describe our membership criteria, present the sample of new cluster member candidates and estimate the contamination level of this sample. The fraction of sub-stellar objects in IC 2391 is discussed in Sect. 5, while in Sect. 6 we investigate the debris disk population in this cluster. Our conclusions are drawn in Sect. 7.
Observations and data reduction

The WFI observations
The optical photometric observations were performed in service mode using the Wide Field Imaging (WFI) mosaic camera attached to the ESO 2.2m telescope at La Silla (Chile), from November 2001 to March 2002 (Program ID: 68.D-0541(A), PI: Isabella Pagano). WFI is an 8k × 8k CCD mosaic, covering a 30×30 square arcmin field with a pixel scale of 0.238 arcsec/pix. These observations are also intended to investigate the variability of young stars at the bottom of the main sequence due to their magnetic activity, which will be presented in a future paper (Pagano et al., in preparation (Fig. 1) , and covers about 60% of the sky-area spanned by IC 2391. The region was observed in the V, R and I WFI broad-band filters for nine nonconsecutive nights, with 1-7 observations per night per filter. The seeing conditions were always better than 1.2 arcsec. This strategy ensured a good phase coverage for objects with rotational periods between 0.2 and 10 days, i.e. the range expected for very low-mass stars at the age of IC 2391 (30-50 Myr). In order to cover the gaps between the WFI CCDs, each observation in each filter was split into three individual exposures (ditherings), shifting the telescope pointing by ∼1 arcmin between consecutive exposures. Since we are interested both in identifying the lowest mass cluster members and recovering the early type ones, we performed two series of observations per night. The total exposure time was 270 s in the V-band and 75 s in the RI bands for the "long-time" series and 30 s in the V-band, 15 s in the R-band and 21 s in the I-band for the "shorttime" one. In this way, the photometry for early type members saturated in the long-time exposures is recovered from the "short-time" ones. A summary of the observations is reported in Table 1 .
Pre-reduction
The raw images were processed using the IRAF 1 mscred package and a number of scripts ad hoc developed both under IRAF and under IDL 2 . We followed the standard steps for mosaic CCD data reduction, i.e. overscan, bias and flat-fielding correction. For each night in which observations for our program were performed, bias and twilight flat frames were combined to obtain the night master bias and flat, respectively, which were 1 IRAF is distributed by NOAO, which is operated by the Association of Universities for Research in Astronomy, Inc., under contract to the National Science Foundation.
2 Interactive Data Language. Fig. 1 . R-band image of IC 2391 from the STScI Digitised Sky Survey. The solid line display the total sky-area surveyed with the WFI CCD mosaic camera at the ESO 2.2m telescope while the dashed lines trace the area observed with IRAC and MIPS at Spitzer (see Sect. 6). The arrow indicates the cluster center The filled squares represent the new member candidates identified in this work, while the circled symbols indicate the objects showing IR excess emission (the stars mark the confirmed cluster members, while squares and crosses mark the member candidates and the four sources of dubious nature discussed in Sect. 6.1.1, respectively).
then used to correct the science images. Possible residual effects due to vignetting and sky concentration caused by the geometrical distortion were reduced by subtracting from each image a background's 2D-polynomial fit, obtained by using the imsurfit routine under IRAF. Fringing strongly affects the WFI observations taken at near-IR wavelengths. In order to remove it from our I-band images, we subtracted from each I-band science frame the fringing pattern frame available as part of the WFI standard calibration plan 3 , scaled by a specific factor to account for the amplitude of the fringes in the individual science frames.
3 See: http://www.ls.eso.org/ lasilla/sciops/2p2/E2p2M/WFI/CalPlan/fringing/
Astrometry and co-addition of images
The astrometric calibration of each exposure was performed using the msczero and msccmatch packages under IRAF; the GSC (STScI 2006) and TYCHO (Hog et al. 1998 ) catalogs were used as reference and an absolute astrometric precision of 0.6 arcsec was achieved, as confirmed by a cross-check with the 2MASS point source catalog (see Sect. 2.1.4). Individual exposures in each dithering set were then resampled, flux-scaled and combined into a single mosaic by using the mscimage, mscimatch and imcombine tasks under IRAF, respectively. The final stacked image is a 8k × 8k frame where each pixel value is the median flux of the co-added ditherings normalized to the total exposure time and relative to the airmass and atmospheric transparency of the first frame in the dithering set. The final stacked images were also trimmed to the overlapping area of Cousins standard system were determined by a linear fitting of the following equations:
where V, R C and I C are the standard magnitudes of the Landolt's stars. The mean transformation coefficients determined in our observing run are reported in Table 2 and are consistent with the mean values computed for La Silla 4 .
The deep catalog extraction
The sources extraction and photometry from each stacked image in each filter was performed using the SExtractor tool by Bertin & Arnouts (1996) . This data set will be used to study the variability of the IC 2391 low-mass members and will be presented in a future paper (Pagano et al., in preparation) . The limiting magnitude achieved at the 3σ level using the single staked images is R ≈20. At the age (∼50 Myr) and distance (∼150 pc) to IC 2391, this limit corresponds to very low-mass stars (M≈0.1 M ⊙ ) close to the hydrogen burning limits or, perhaps, to massive BDs. One of the main goals of this work is the identification of new candidate substellar members of IC 2391, which are expected to have R magnitude in the range 18.5-24 depending on their mass and the intervening reddening. Since our data set consists of repeated observations of the same field, we further combined the stacked images with the same exposure time and obtained, for each filter, a photometrically deeper frame with improved signal-to-noise ratio, suitable for our purposes (Fig. 2) . The combination has been performed using the imcombine task under IRAF in the same configuration as explained in Sect. 2.1.2, and the stacked images from our "longtime" series (see Sect. 2.1). 17 images were combined in the V filter, 18 in the R filter and 15 in the I filter, for a total exposure time of 76.5 min, 22.5 min and 18.75 min, respectively. PSFfitting photometry was performed on these deeper frames by using the IRAF daophot package (Stetson 1987) ; this method allows a better deblending of sources with respect to aperture photometry and hence, the detection of the faintest neighbors to bright stars. Since we are interested in very low-luminosity ob- jects, we set a very low detection threshold (σ=3) and then selected point-like objects from extended sources (e.g. galaxies), saturated objects, and other spurious detections by using the daophot morphological parameters. In Fig. 3 the internal photometric errors of all the detected point-like sources are plotted against magnitude for all the available filters; the relative exponential fits are over-plotted. Table 3 reports the saturation limits and the limiting magnitudes achieved at the 3σ level from these deeper frames. These limits are sufficient for the detection of young stars and BDs with mass from ∼1 M ⊙ down to ∼0.03 M ⊙ at the age and distance of IC 2391.
Our optical catalog contains 60596 point-like sources with VRI magnitudes. A merged catalog with position and photometry in each optical filter, as well as in the near-IR (JHK S magnitudes from 2MASS; Cutri et al. 2003) , was finally produced and used for the selection of cluster members (Sect. 3). A matching radius of 1 ′′ was used to merge the WFI and the 2MASS catalogs; this value was set by taking the astrometric accuracy of both catalogs into account.
Completeness
The completeness of our "deep" catalog was derived empirically. We used the IRAF addstar package to add test stars into the frames and then the same PSF-fitting procedure as for the real objects (Sect. 2.1.4) to determine what fraction of these artificial stars were recoverable as a function of magnitude. This fraction provides a measure of the completeness. We inserted 500 artificial sources in each of the three deep frames in the VRI filters; this number is statistically significant for our purpose and, at the same time, does not alter the crowding in the images. The profile for the artificial sources was generated by using the same PSF model as used for the source extraction; Table 3 . Saturation limits and limiting magnitudes at 3σ level (see Sect. 2.1.4). In the fourth column the corresponding limiting mass for cluster members (i.e. assuming an age between 30 and 50 Myr and a distance of 150 pc) derived from the evolutionary models by Baraffe et al. (1998) and Chabrier et al. (2000) is reported; in the last column the magnitude corresponding to the Hydrogen burning limit (∼0.07 M ⊙ ) for IC 2391 members is also given for comparison. the positions of the artificial objects were randomly distributed over the entire area of the mosaic, and their magnitudes range uniformly between the detection and the saturation limits in each band (Table 3 ). Fig. 4 shows the fraction of recovered artificial objects, i.e. the completeness (C), as a function of magnitude for each filter. We estimate a 100% completeness level down to V ≈20, R ≈19.5 and I ≈18.5; however, objects down to our detection limits at 3σ level ( 
Spitzer observations and data reduction
IRAC (Fazio et al. 2004 ) observations of IC 2391 were obtained on 30 December 2006. The 12s high-dynamic-range mode was used to obtain two frames in each position, one with 0.4 sec exposure time and one with 10.4 sec. The observation of each field was repeated three times with a small offset, providing 31.2 sec integration time for each position. The frames were processed using the SSC IRAC Pipeline v15.05, and mosaics were created from the basic calibrated data (BCD) frames using a custom IDL program (see Gutermuth et al. (2008) for details). Aperture photometry on these images was carried out using PhotVis version 1.10, which is an IDL-GUI based photometry visualization tool. See Gutermuth et al. (2004) for further details on PhotVis. The radii of the source aperture, and of the inner and outer boundaries of the sky annulus were 2.4, 2.4 and 7.2 arcsec, respectively. The calibration used large aperture measurements of standard stars. The zero point magnitudes of the calibration were 19.6642, 18.9276, 16.8468, and 17.3909 for channel 1, 2, 3, and 4, respectively. Aperture corrections of 0.21, 0.23, 0.35 and 0.5 mag were applied for channels 1, 2, 3, and 4 to account for the differences between the aperture sizes used for the standard stars and for the IC 2391 photometry. The sensitivity of the IRAC observations is sufficient for the detection of objects with K S 14.5, which corresponds to the hydrogen-burning limit for cluster members. MIPS observations in IC 2391 and the relative data reduction and calibration have been already described by Siegler et al. (2007) .
The standard fluxes at each Spitzer pass-band were derived from the observed magnitudes using the absolute flux cali-bration constants by Reach et al. (2005) and Engelbracht et al. (2007) for IRAC and MIPS/24µm bands, respectively.
Selection of new cluster members
The extraction of member candidates in open clusters generally consists in selecting objects whose position in color-magnitude diagrams (CMDs) is located above the ZAMS shifted to the distance of the cluster (see, e.g., Barrado y Navascués et al. 2001a ; Leggett 1992; Lodieu 2005) . The selection of IC 2391 member candidates was carried out using a similar criterion, refined by exploiting estimates of the cluster proper motion and the photometry of previously known cluster members available from the literature. Our selection procedure includes the three steps which are now described.
Determination of stellar parameters
We first assumed that all the point-like objects detected in our images above 3σ level are all at the distance of IC 2391 and simultaneously estimated their visual extinction (A V ), effective temperature (T eff ) and stellar radius (R ⋆ ) by fitting a grid of stellar photosphere models to their observed spectral energy distribution (SED). The observed SEDs were derived by merging the VRI WFI-Cousins photometry with the 2MASS JHK S photometry; the standard fluxes at each passband were derived from the observed magnitudes using the absolute flux calibration constants by Johnson (1965) and Cousins (1976) for the optical bands and Cutri et al. (2003) for the 2MASS bands, respectively. The grid of reference SEDs was constructed by using the NextGen and Stardusty model spectra by Hauschildt et al. (1999) and Allard et al. (2000) and the WFI and 2MASS filter transmission curves, as prescribed by Spezzi et al. (2007) . Our grid spans the T eff range 1700-10000 K and assumes a surface gravity log g = 4.5, as expected for low-mass objects at the age of IC 2391. The reference SEDs were scaled to the distance to IC 2391 (i.e. 150 pc) and fitted to the observed SED of each object following the prescription by Spezzi et al. (2007) and adopting the extinction law by Cardelli et al. (1989) 5 . The A V , T eff and R ⋆ values of the reference SED minimizing the χ 2 of the fit correspond to the best approximation of the actual stellar parameters. The stellar luminosity (L ⋆ ) is derived as L ⋆ = 4πσR ⋆2 T 4 e f f , where σ is the Stefan-Boltzmann constant. For more details on the SED fitting procedure we defer the reader to Spezzi et al. (2007) . The goodness of our fits can be appreciated from the examples shown in Fig. 8 .
As demonstrated by Spezzi et al. (2007) , this parametrization method turns out to be accurate within about 250 K in T eff and 1.5 mag in A V for objects with spectral type later than K5 (i.e T e f f 4500 K). Such uncertainties translate into an average uncertainty of 0.15 dex in the logarithm of luminosity. 5 We also checked that using other extinction laws, such as those by Savage & Mathis (1979) This accuracy in the derived physical parameters is sufficient for candidate selection purposes. Moreover, on the basis of the saturation limits of our survey (Table 3) , we expect to recover only the low-mass cluster members (R C 10 mag, i.e. M 1 M ⊙ at the age and distance of IC 2391), for which the parametrization method by Spezzi et al. (2007) can be confidently applied. Note also that possible IR excesses at 2MASS wavelengths due to the presence of hot circumstellar dust does not appear to be a major issue in our fits. Indeed, the age of IC 2391 is consistent with both theoretical and observational timescales of disk dissipation and terrestrial planet formation (Chambers 2001; Kleine et al. 2002; Siegler et al. 2007 ); thus, following the classification by Lada (1987) as extended by Greene et al. (1994) , the cluster population is expected to consist mainly of class III objects with no prominent IR excess at near-IR wavelengths. Moreover, the same parametrization procedure was applied to 40 confirmed members of IC 2391 whose spectral type (later than K5) and optical/near-IR photometry were recovered from the literature (Barrado y Navascués et al. 1999 Navascués et al. , 2001b Navascués et al. , 2004 Cutri et al. 2003; Patten & Simon 1996; Patten & Pavlovski 1999; Rolleston et al. 1997; Simon & Patten 1998) . Our fitting procedure yields for these objects T eff and A V values consistent with those derived from spectroscopy within ∼250 K and ∼0.7 mag, respectively. This further supports the reliability of our parametrization method.
Selection of cluster member candidate from the HR diagram
Having a reliable estimate of T eff and L ⋆ for all the sources in our catalog with T eff 4500 K (i.e. 2395 sources), we constructed the Hertzsprung-Russell (HR) diagram for these sources and for the 40 confirmed members of IC 2391 mentioned above (Sect. 3.1). Mass and age of these objects can be now determined by comparison of their location on the HR diagram with a suitable set of evolutionary tracks, which in our case are those by Baraffe et al. (1998) and Chabrier et al. (2000) . We find that the isochronal age of the 40 low-mass cluster members ranges between 10 and 80 Myr, with a mean value of 20-30 Myr (Fig. 5) ; this isochronal age is in fair agreement with the cluster age estimated on the basis of the lithium depletion technique and the main-sequence isochrone fitting (30-50 Myr; Barrado y Navascués et al. 1999 Navascués et al. , 2004 Basri et al. 1996; Mermilliod 1981; Stauffer et al. 1998 ). However, we observe an age spread between a few Myr and 100 Myr (see also  Table 5 ) which is larger than that reported in the literature. This larger age spread mainly arises from our indetermination on effective temperature and luminosity (Sect. 3.1); indeed, stellar parameters inferred from photometry alone are far more inaccurate than those derived from spectroscopy, though still useful for candidate selection purposes.
New low-mass cluster members are expected to be found in the same locus of the HR diagram. Thus, we performed a firstlevel selection of member candidates by picking up those objects whose isochronal age is <100 Myr; this selection yielded 90 candidates. Clearly, we also find a large number of source in our catalog for which we cannot assign an age because their lo- cation on the HR diagram is inconsistent with the pre-main sequence (PMS) locus when the distance of IC 2391 is assumed; these sources are field objects unrelated to the cluster.
The advantage of using this approach, as compared to frequently used membership criteria based on CMDs, lies in the simultaneous use of the photometric information from the V to the K S bands; indeed, this wavelength range samples the peak of the photospheric emission of cool, low-mass objects, and enables a highly reliable determination of the stellar parameters (Comerón et al., in preparation).
3.3. Refining the sample using proper motion measurements Baraffe et al. (1998) for effective temperatures higher than 2500 K and the DUSTY isochrones by Chabrier et al. (2000) for lower temperatures; these isochrones were transformed into the WFI-Cousins system, as described by Spezzi et al. (2007) , and scaled to the IC 2391 distance of 150 pc. No correction was made for the mean reddening towards IC 2391, which is estimated close to zero (E(B-V)=0.006; Patten & Simon 1996) . Both diagrams show a wide sequence of candidates with 12 R C 15 mag and 11 I C 14 mag, which is likely due to the merging of the cluster and field star sequences. Indeed, since the galactic latitude of IC 2391 is about −7 o , the sample of photometrically selected candidates is inevitably contaminated by field stars. Rolleston et al. 1997; Simon & Patten 1998) . Error bars are also drawn; where not visible, they are smaller than the symbol size.
In order to weed out stellar contaminants, proper motions of cluster member candidates are generally computed and compared to those of field objects (see, e.g., Casewell et al. 2007 ). We applied this proper motion analysis to the candidates in our sample using two proper motion catalogs: the allsky Naval Observatory Merged Astrometric Dataset (NOMAD Zacharias et al. 2005) , reporting proper motions for stars down to R C ≈16 mag with an average accuracy of 6 mas/yr, and ∧ M = confirmed cluster member; HR-C = member candidate according to the location on the HR diagram; PM-C = proper motion member candidate; X = X-ray sources (Marino et al. 2005) .; IR-C: young stellar object candidate according to the IR properties (Sect. 6.1).
• a) Rolleston et al. (1997) the catalog recently presented by Platais et al. (2007) , who obtained proper motions for 6991 stars down to V≈13-16 over a ∼9 deg 2 area around IC 2391 with a precision of about 1.7 mas/yr. These two catalogs report consistent proper motions for the confirmed cluster members, however the NOMAD catalog is photometrically deeper and hence, we found a much larger number of matches with our candidate list with respect to the Platais et al. (2007) catalog Thus, we used the proper motions from NOMAD, where 70 candidates out of 90 in our original list (Sect. 3.2) have proper motion estimates. Because of the low precision, we cannot calculate a probability of membership by the standard method as described in Moraux et al. (2003) . Consequently, we only selected objects to be proper motion members if their proper motions fall within 3σ of the cluster mean proper motion (pm(RA) ≈-24 mas/yr and pm(DEC) ≈+24 mas/yr; Dodd 2004; Kharchenko 2001 ). This criterion yielded only 9 proper motion member candidates out of 70. Adding these objects to the 20 fainter candidates whose proper motion are not available, we end up with a sample of 29 new member candidates of IC 2391. Of course, we still expect a certain level of contamination, especially among the candidates lacking proper motion estimates; this issue is discussed in Sect. 4.
Statement on the selection results
Our selection method allowed us to identify 29 new candidate members of IC 2391: 9 selected by photometry and astrometry, and 20 selected by photometry, for which no PM data is available. In Table 4 and Table 5 we report the optical and near-IR photometry for these candidates and their stellar parameters as explained in Sect. 3.1; the object designation follows the scheme already adopted by Spezzi et al. (2007) . A few of these objects coincide with member candidates selected in previous photometric surveys (Patten & Pavlovski 1999; Rolleston et al. 1997) , as indicated in Table 4 (column 5). Moreover, 10 of our candidates, i.e. 34%, are X-ray sources recently detected with XMM-EPIC by Marino et al. (2005) ; these 10 objects are marked with an "X" in ′′ and the instrument field of view has a diameter of 30 arcmin. Thus, the great majority of our candidates falls in the area observed by Marino et al. (2005) and the reason why the 66% of them were not detected must be mainly ascribed to their faint X-ray emission (i.e. below the XMM-EPIC sensitivity limits; Ehle et al. 2008 ).
In addition, we correctly recovered 32 previously known cluster members. We note that these 32 objects represent the ∼40% of the IC 2391 known population falling in the area observed with WFI; the remaining 60% are either saturated in our WFI images or do not have complete VR C I C JHK S photometric data-set in our merged catalog, so we could not apply our selection criteria. However, using their magnitudes and proper motions from the the literature (Barrado y Navascués et al. 1999 Navascués et al. , 2001b Navascués et al. , 2004 Cutri et al. 2003; Patten & Simon 1996; Patten & Pavlovski 1999; Platais et al. 2007; Rolleston et al. 1997; Simon & Patten 1998; Zacharias et al. 2005) , they would fall within our selection (see Fig. 5 and Fig. 6 ).
All these arguments support the reliability of our selection method.
Multiple visual systems
In order to identify possible multiple systems, we have visually inspected the 32 IC 2391 members falling in the area observed with WFI and the proposed 29 candidates in all the available images. Following the prescription by Reipurth & Zinnecker (1993) , we perform this search for visual neighbors in the separation range 1.2-5 arcsec. The lower limit of this range was fixed considering the typical seeing of our images (Sect. 2.1). The upper limit is imposed to avoid contamination from foreand background stars. This cut-off is somewhat arbitrary; we may justify this choice considering that the typical star-to-star separation on our images is ∼5 arcsec and, when a visual companion is found within this distance, it mostly lies conspicuously close to the primary in an otherwise rather empty space.
22 objects in our sample are found to have neighbors within less than 5 arcsec. However, a nearby star is accepted as a possible companion only if it shows indications of youth. 2 of these neighbors have complete VR C I C JHK S photometric dataset but do not fulfill our membership criteria (Sect. 3) and hence they were rejected. The remaining 20 neighbors are too faint and do not have near-IR detection in 2MASS, so the only possible indication of youth comes from their position on the optical CMDs. We found that 7 out of these 20 neighbors have optical magnitudes and colors consistent or marginally consistent with those of IC 2391 members 6 . These 7 objects, together with their possible primary companion and the relative angular separation, are reported in Table 6 . Note that at the distance of IC 2391 (∼150 pc), the range of angular separation covered by these possible visual binaries corresponds to a linear separation of 350-700 AU, which is reasonable for physically bound young low-mass stars (Reipurth & Zinnecker 1993) . For the member candidate ID 6 two neighbors were found within the 5 arcsec radius; both these neighbors have optical magnitudes and colors consistent with membership to the cluster and hence this might be a triple system.
Estimating the contamination
In Sect. 3.3 we adopted the proper motion membership criterion to weed out stellar contaminants in the magnitude range R C 16 mag. We could not perform this analysis for fainter candidates because their proper motion are unknown and hence, we still expect a certain level of contamination by field stars in our candidates sample.
To estimate the degree of contamination we have used optical imaging of a nearby field available from the ESO archive. This field was observed with WFI in the VRI filters and is centered at R.A.=08 h :43 m :53 s and Dec.=−52 o :47 m :33 s , i.e. about 0.9 deg north-east from the center of IC 2391; since the cluster has an apparent diameter of about 50 arcmin (Kharchenko et al. 2005) , we expect this area to be more or less devoid of cluster members and we can use it as a control field. The exposure time of the control field images is 600 sec in all the filters; this implies that all the source brighter than R ≈15 are saturated, while sources with 15 R 21 are detected with a sigma-tonoise ratio better than 10. Thus, using these data, we can estimated the level of contamination at least in the photometric range spanned by our candidates with no proper motion determination. By using the same procedure outlined in Sect. 3, we found 12 objects in our control field satisfying our photometric cluster membership criteria. Therefore, we estimate that the 17 objects with 15 R 21 cataloged by us as candidate cluster members (Table 4) still have a probability up to ∼70% of being spurious.
In order to further verify the amount of expected contamination in all the photometric range covered by our candidates, i.e. 12 R C 21, we have also used a different approach. Nearly all members of IC 2391 are located in the re- Table 5 . Estimates of the stellar parameters for the IC 2391 members and candidates of IC 2391 discussed in this work. The objects with identification number (ID) from 1 to 29 are the new candidates selected in this work (Sect. 3); three of these candidates show IR excess emission at 24µm and are marked by an asterisk. The objects with ID from 30 to 37 are the additional 8 cluster members and candidates showing IR excess emission discussed in Sect. 6. • The uncertainty on T eff is assumed to be 250 K on average (see Sect. 3.1). † From the evolutionary models by Baraffe et al. (1998) and Chabrier et al. (2000) . (Fig. 5) . In particular, all our candidates are confined in the region defined by T eff =2900-4800 K and L ⋆ =0.002-0.4 L ⊙ (i.e. absolute visual magnitude M V =12-6 mag); thus, in order to estimate the contamination level of our candidate sample, we have to obtain an estimate of the numbers of stars unrelated to the cluster that may be expected to appear in this region of the HR diagram. The number of interloping stars can be probed by using analytic models of the Galactic stellar distribution, i.e. simulations of the expected properties of stars seen towards a given direction of the Galaxy over a given solid angle. We performed this exercise by using the Galaxy model by Robin et al. (2003) and their on-line tool 7 . In the temperature range of our candidates, foreground stars are expected to be main sequence cool dwarfs, whereas red giants are expected to dominate the background population. Assuming a cluster distance of 150-200 pc, we expect some 14 foreground dwarfs in the ∼30×30 square arcmin area observed in IC 2391 with apparent R C magnitude between 12 and 21 and spectral types MK, i.e. the ranges estimated for our candidates (see Table 4 and 5). No background giants are expected to be found in the locus occupied by the cluster members because all such stars appear much brighter than IC 2391 members in the same effective temperature range. We thus conclude that only foreground cool main sequence stars can contribute noticeably to the contamination of our candidate sample, with the expected contamination level being 48%. Note that this value is very close to the pollution rate of 50% estimated by Barrado y Navascués et al. (2001b) for the same area in IC 2391.
Another possible source of contamination is represented by galaxies that may have colors similar to those of PMS objects. However, such bright galaxies are a priori excluded from our selection, because our PSF extraction method allows an efficient identification/removal of extended objects (Sect. 2.1.4). The only source of contamination may be the point-like extragalactic objects, i.e. QSO's. According to recent QSO's number counts (Fontanot et al. 2007; Richards et al. 2005) , the predicted number of QSO's per square degree become significant (i.e. greater than ∼10/deg 2 ) beyond V ≈22 mag, while the majority of our candidates are brighter. Thus, extra-galactic objects might affect our candidate sample by no more than 3%.
In conclusion, the expected contamination of our candidate sample due to field objects is ∼50%.
On the sub-stellar population in IC 2391
The first and only estimate of the IC 2391 mass spectrum in the very low-mass domain has been derived by Barrado y Navascués et al. (2004) . Independently of the assumed cluster age between 25 and 50 Myr, they found an index of the power-law mass function in the mass range 0.072-0. Bouvier et al. 1998 ). Below 0.07 M ⊙ , the cluster mass spectrum presents a sudden drop below which the authors partially explain by the lack of completeness of their survey beyond I ≈18.5 (i.e. 0.05 M ⊙ for cluster members).
Although our survey is complete at 100% and 80% levels down to 0.05 M ⊙ and 0.03 M ⊙ , respectively, and covers 60% of the sky area spanned by the cluster, we found only an handful of candidate substellar members. In numbers, considering the IC 2391 populations updated to January 2008 (i.e. ∼180 objects; Barrado y Navascués et al. 1999 Navascués et al. , 2001b Navascués et al. , 2004 Patten & Simon 1996; Patten & Pavlovski 1999; Platais et al. 2007; Rolleston et al. 1997; Simon & Patten 1998) , there are 14 members with T eff 3100 K, i.e. below the approximate substellar limit for 30-50 Myr old objects. Thus, the fraction of sub stellar objects, R ss =
, in this cluster is ∼8%; by adding our 12 BD candidates (i.e. candidates with T eff ≤3100 K; see Table 5 ), this fraction would increase to ∼15%. However, all our BD candidates have Rmagnitudes in the range 15 R 21, where we expect a high level of contamination (70%, see Sect. 4). Thus, the true value of R ss is expected to be very close to 10%. Moreover, our physical parametrization indicates that all our BD candidates have T eff 2900 K and masses very close to the hydrogen-burning limit. Thus, the results of our deeper optical survey confirm the lack of members with spectral type later than M7-M8 in IC 2391 already pointed out by Barrado y Navascués et al. Dobbie et al. (2002) and Jameson et al. (2003) , i.e. the onset of larger-size dust grain formation in the upper atmosphere of objects with spectral types M7-M8 or later, which would be responsible of the local drop in the shape of the luminosity-mass relation.
Of course, a number of alternative hypothesis might be also invoked. For instance, simulations of the dynamics of BD populations in open clusters, which consider the effects of a large range of primordial binary populations, have also shown that the majority of BDs might be contained within primordial binary systems which then hides a large proportion of them from detection (Adams et al. 2002) . Alternatively, the deficit of BDs in IC 2391 might be due to mass segregation/evaporation effects. Dynamical mass segregation acts on a time-scale of the order of the relaxation time of a cluster (Bonnell & Davies 1998) , which for clusters of the size of IC 2391 is of the order of 1 Myr (Binney & Tremaine 1987, p. 390) . Indeed, Sagar & Bhatt (1989) found indication that the higher mass stars in IC 2391 have lower velocity dispersions than the lower mass stars.
On the debris disk population in IC 2391
The first survey for debris disks in IC 2391 was recently performed by Siegler et al. (2007) using MIPS on board of Spitzer.
The central square degree of IC 2391 was observed at 24µm, with the aim of studying the incidence of debris disks in the cluster. The authors report IR excess indicative of debris disks around 8 previously known members of the cluster, namely 1 A star, 6 FGK stars and 1 M dwarf, and estimate a debris disk fraction of 10 +17 −3 for BA stars and 31 +13 −9 for FGK stars. In this section we further investigate the debris disk population in IC 2391, using our optical data in combination with 2MASS data, the MIPS catalog by Siegler et al. (2007) and additional IR data from IRAC. This dataset is suitable to probe disk radii from ∼0.1 AU up to 20 AU depending on the stellar mass (Merín et al. in preparation) . While the work by Siegler et al. (2007) focuses only on the previously known cluster members, we extend the search for objects with IR excess emission to all the sources detected at 24µm having a counterpart in our optical WFI images. This allow us to identify new candidate KM-type members of the cluster bearing debris disks. We remind the reader that our search is spatially limited to the overlapping area observed with WFI and Spitzer (Fig. 1) . Moreover, the selected debris disk candidates must be spectroscopically investigated to definitively assess their membership to the cluster. Indeed, the experience with the Spitzer Core to Disk Legacy Survey (hereafter c2d; Evans et al. 2003) teaches us that samples of objects showing mid-IR excess in star forming regions could be highly contaminated by background postmain sequence stars, mostly in the direction of the galactic plane. This contamination might account for up to 30% of those objects and could be even higher in the case of IC 2391, which has a galactic latitude (b≈-7 o ) lower than the typical c2d fields. For all these reasons, our search is intended to give a deeper insight into the candidate debris disk population in IC2391.
Selection of debris disk candidates
We identified possible debris disk objects in IC 2391 by measuring 24µm flux densities in excess with respect to the expected photospheric emission; this criterion has been adopted in the pioneer study by Siegler et al. (2007) and allows us to pick-up new debris disk candidates in a homogeneous way. We use the (V − K S ) vs. (K S − [24µm]) color-color (CC) diagram to identify these excess sources across a broad range of spectral types. As demonstrated by Siegler et al. (2007) , the (V − K S ) color is a good tracer for spectral types down to late M-dwarfs, while the (K S − [24µm]) color is a good diagnostic for mid-IR excess because the K S -band flux is essentially photospheric for stars older than ∼10 Myr, which have already dissipated the innermost region of their disks (Haish et al. 2001) . We dereddened the magnitudes of all the sources detected at 24µm using the A V values derived in Sect. 3.1 and the extinction law by Cardelli et al. (1989) 8 . We select objects with IR excess at 24µm using the mean dereddened photospheric locus in the ( Siegler et al. (2007) ; for spectral types later than M4, we use the IR photospheric colors for M-dwarfs determined by Gautier et al. (2007) . Siegler et al. (2007) and Gautier et al. (2007) , respectively. Sources redder than this threshold possess (K S − [24µm]) flux ratios in excess of expected photospheric colors. Symbols are as follows: the stars mark the confirmed cluster members, while squares and crosses mark the member candidates and the four sources of dubious nature discussed in Sect. 6.1.1, respectively.
As shown in Fig. 7 , we found 10 sources redder than this threshold, i.e. objects possessing (K S − [24µm]) flux ratios in excess of expected photospheric colors by at least 15%, i.e. the same criterion as in Siegler et al. (2007) . Four out of these 10 sources (ID 30, ID 32, ID 34 and ID 37) , are previously known members of the cluster 9 (stars in Fig. 7 ), two (ID 1 and ID 7) are new candidate members selected in this work (squares in Fig. 7) , while the remaining four (ID 31, ID 33, ID 35 and ID 36) are new sources with IR excess emission neither reported by previous studies nor selected as candidate cluster members by our optical criteria (crosses in Fig. 7) ; the latter objects are further discussed in Sect. 6.1.1.
The optical and near-IR photometry and the physical parameters of the 10 sources showing IR excess at MIPS/24µm are reported in Table 4 and Table 5 , respectively, while Table 7 reports their IRAC and MIPS/24µm magnitudes.
6.1.1. Comments on individual objects Siegler et al. (2007) reported IR excesses at 24µm indicative of debris disks for 8 objects in IC 2391. Only two of these objects fall in the area observed with WFI, namely ID 29 and ID 24 from their Table 2 ; we correctly recovered ID 29 as a possible debris disk object (i.e. our ID 37), while ID 24 is saturated in our WFI images and was then a priori excluded from our analysis.
Four of our debris disk candidates, namely ID 31, ID 33, ID 35 and ID 36, though showing a clear IR excess emission in their SEDs (Fig. 8) , were not selected as candidate cluster Table 7 . IRAC and MIPS/24µm magnitudes and SED slope (α [K&24µm] ) for the 10 objects showing IR excess emission at 24µm identified in this work. Hauschildt et al. (1999) , for objects with T eff >4000 K, or StarDusty spectrum by Allard et al. (2000) , for objects with T eff ≤4000 K, is overplotted on each SED, representing the stellar emission. Each panel is labeled with the object name (and ID number between brackets), estimated effective temperature (Table 5) and membership status (see Table 7 ).
In conclusion, the 10 sources with IR excess emission selected in Sect. 6.1 are likely to possess evolved disks, whose inner part might have already been cleared by the formation of large-sized bodies (such as rocks).
Conclusions
We performed a deep wide-field imaging survey of the young open cluster IC 2391 to study its low mass population down to 0.03 M ⊙ . We used our optical VRI data, in combination with JHK S magnitudes from the 2MASS catalog to estimate the physical parameters of the optically detected sources and selected cluster member candidates on the basis of their location on the HR diagram compared to theoretical isochrones. We estimated the contamination using statistical arguments and, when possible, proper motion from the NOMAD catalog. Our survey has a completeness level of 80% down to I C =23.0, i.e. ∼1-2 mag fainter than previous optical surveys conducted in IC 2391, and revealed 29 new low-mass member candidates, among which 12 may be BDs. The expected contaminations is at least ∼50%.
We confirm the presence of a significant drop of the cluster mass spectrum across the stellar/substellar boundary, with the fraction of sub-stellar objects being of only 8-15%. The lack of BDs in IC 2391 might be due to the dip in the luminosity function around M7-M8 already observed in other star-forming regions, open clusters and the field, which is caused by the beginning of larger-size dust formation in the atmospheres of ob- Lada (1987) as extended by Greene et al. (1994) . jects in this effective temperature regime. However, other explanations such as dynamical mass segregation and/or masking in binary systems might be invoked. Our data are not sufficient to decide between these scenarios. Finally, we have combined our ground-based optical observations with near-IR photometry from 2MASS and Spitzer GTO observations to investigate the debris disk population of IC 2391. We identified 10 possible debris disk objects in the cluster on the basis of their 24µm flux densities in excess with respect to the expected photospheric emission. We constructed optical/IR SEDs for all these objects and investigate the properties of their circumstellar material. According to our analysis, these 10 objects are likely to possess evolved disks whose inner part has been already cleared up. A few of these objects might possess thick/transition disks, what would be surprising, given the age of IC 2391.
